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PREFACE

This volume is a compilation of more than half of the papers presented at
the 10th Annual Meeting of The Adhesion Society, Inc., in Williamsburg,
Virginia, U.S.A., February 23-27, 1987. The proceedings were originally
published in regular issues of The Journal of Adhesion. The meeting was
a highly successful international one, attended by some 350 people. Nine
countries were represented on the technical program and at least three
Societies, The Plastics and Rubber Institute of Great Britain, The Adhe-
sion Society of Japan and the Adhesive and Sealant Council, sent delegates.
This Editor, as President of The Adhesion Society, had the pleasure of
presiding over the Meeting.

The presence of the logo of the 10th Meeting of The Adhesion Society
on the cover marks this volume as something much more special than the
usual proceedings of a technical meeting. This is a Souvenir Volume, a
memento of a very special occasion for The Adhesion Society and for the
attendees at its 10th Annual Meeting. It is a tribute to the international
cooperation between the many individuals and groups which resulted in the
excellent technical program as evidenced by the contents of this volume:
to the spirit of international friendship and fellowship which was apparent
in all of the technical and social activities of this meeting; to the many in-
dividuals and groups who not only made the meeting possible but who in-
tegrated all of its elements and made them work so well together. Few will
forget the ‘‘unplanned’’ contribution of the British delegation to the enter-
tainment at the Banquet and the initially reluctant but ultimately enthusiastic
participation of many of our overseas colleagues when they were drawn
into the Banquet’s planned entertainment: the thoughtful gift presented to

xiit




Xiv PREFACE

The Society by the representatives of the PRI: the mark which the British
delegation left on the good inn-keepers and burghers of the Town of
Williamsburg; the Swiss delegation’s presentation of a huge Swiss watch
to keep future meetings of The Society running on time and, of course,
the Canadian delegation who, in the abovementioned spirit of international
friendship, caused so many meeting attendees to wear a miniature Cana-
dian flag in their lapels when the Canadians were in session.

This preface would not be complete without mention of the many people
who contributed to the planning. the organization and the smooth opera-
tion of the meeting which produced the papers in this volume. The General
Chairman, Prof. L. T. Drzal: the Arrangements Chairman, Dr. D. B.
Rahrig, ably assisted by Prof. J. P. Wightman and Dr. D. D. Wheeler:
the Fund Raising Chairman, Dr. D. R. Speth: the Session Chairmen: from
France, Prof. J. Schultz; from Japan, Profs. H. Mizumachi and K.
Nakamae: from the U.K.. Messrs. S. G. Abbott and G. W. Stockdale and
Dr. A. J. Kinloch: from W. Germanv, Dr. W. Brockmann: from
Switzerland, Dr. J. Cognard: from Australia, Dr. C. E. M. Morris: from
Israel. Dr. H. Dodiuk; from Canada, Profs. H. Schreiber and A. W.
Neumann; from the U.S.A., Prof. J. A, Koutsky and Dr. D. L. Hunston:
the Poster Session Chairmen. Drs. D. J. Zalucha and H. R. Anderson. In
addition, our able Treasurer, Dr. G. F. Hardy. was in charge of Finances:
Dr. M. Lattimer put together the Meeting Brochure: Dr. R. E. Hartz was
in charge of Registration, ably assisted bv Ms. A. Klingbeil and Mrs.
Betty Hardy who was also in charge of the Guest Program. We owe all
of these people a great debt of gratitude for their countless hours of work.

Our thanks must also go to the Cosponsors of the Meeting: Office of Naval
Research: Army Research Office;: NASA: NSF: also to our many Corporate
and Individual Sponsors whose financial contributions, particularly in sup-
port of the attendance of many of our overseas colleagues. made a Meeting
of this size and scope possible.

Finally, I would like to thank my wife, Diane, for her help and counsel
in the general planning and with the details of the social events and enter-
tainment for the meeting and for her forbearance of my preoccupation of
many months with, and the great amount of time which I spent on, matters
related to this meeting.

LOUIS H. SHARPE, Editor
Hilton Head Island, SC
U.S.A.
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Estimation of the Surface Energy
of Polymer Solids

TOSHIO HATA

Emeritus Professor of Tokyo Institute of Technology and Gunma University.
8-1-7-103, Shakujii-machi, Nerima-ku, Tokyo 177, Japan

YASUAKI KITAZAKI

Technical Department, Nichiban Co., Ltd. 100, Nishihara Ohyazawa, Hidaka-
cho, Iruma-gun, Saitama 350-12, Japan

TAKANORI SAITO

Research Laboratory of FSK Corporation. 5-14-42, Nishiki-cho, Warabi-shi,
Saitama 335, Japan

(Received August 26, 1986)

The methods to estimate the surface tension of polymer solids using contact angles
have been reviewed in the first part. They are classified into the following three
groups depending on the theories or the equations applied: (1) the methods using the
Young's equation alone, (2) the methods using the combined equation of Young and
Good-Girifalco, and (3) the methods using the equations of work of adhesion. Some
notes and comments are given for each method and results are compared with each
other. The two-liquids method for rather high energy surface is also introduced.

Next, some new possibilities to evaluate the surface tension of polymer solids are
presented by our new contact angle theory in consideration of the friction between a
liquid drop and a solid surface. The advancing and receding angles of contact (6, and
6,) are explained by the frictional tension y, and accordingly two kinds of the critical
surface tension y-(yc, and yc,) are given.

This work has shown that one of the recommendable ways to evaluate yq is either
the maximum y,, cos 8, or the maximum y. using the advancing contact angle 8,
alone, and another way is the arithmetic or the harmonic mean of the vy, and y,. A

t Presented at the Tenth Annual Meeting of The Adhesion Society. Inc., Williams-
burg, Virginia, U.S.A., February 22-27, 1987.
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2 T. HATA, Y. KITAZAKI AND T. SAITO

depiction to determine the y. such as In(1 + cos 6,) vs. y,, with cos 8, = (cos 8, +
cos 6,)/2 has also been proposed.

KEY WORDS Critical surface tension; contact angle; friction; methods; polymers;
surface energy; surface tension; work of adhesion.

1 INTRODUCTION

The surface energy of polymer solids cannot directly be meas-
ured, but there recently appeared some indirect methods which
include the extrapolating methods from liquid state using the
temperature dependence or the molecular weight dependence of
surface tension.

Another series of the method using the contact angle of liquids on
a solid polymer surface has also been developed. There are varieties
of this method depending on the theories or the equations applied,
which will be reviewed in the first part of this paper. Next, we will
present some possibilities to evaluate the surface tension of polymer
solids from a new theory of the contact angle proposed by us.

2 THE REVIEW OF THE CONTACT ANGLE METHODS

Most of the contact angle methods are based on the Young’s
equation (1) concerning a liquid drop on an ideally smooth,
undeformable, homogeneous and planar surface of a solid.

Ysv = YsL + YLy cOs 6 1

where ysy and y,, are surface tensions of the solid and the liquid
respectively in equilibrium with the saturated vapor of the liquid,
vsi. the interfacial tension between the solid and the liquid and 6
the contact angle. Equation (1) is rewritten as

Ys=Yset+ YrLvcos 6+, ()
(with &, = y5 — ysv)
=YysL+ yLv cos (3)

(for negligible 7,)
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where s is the surface tension of the solid in vacuum and r, is the
surface pressure. For a polymer of low surface energy, . can
usually be neglected and Eq. (2) is approximated to the Eq. (3).
Depending on the usage of the Young’s equation whether alone or
combined with the other surface-chemical equations the methods
can be classified into following three groups.

2.1 The methods using Young’'s equation

(a) The maximum v,y cos 6 (T. Hata and Y. Kitazaki')

In Eq. (2), if both ys, and x, tend to zero, y,, cos 8 will get to
the maximum and nearly be equal to ys. When liquids 1 and 2 have
the equal polarity and chemical structure, the interfacial tension y,,
is experimentally known to be very small and close to zero.
Similarly in the case of ygs; between a solid and liquids, if one
carefully chooses the testing liquids, one can find the condition that
ys. is almost zero and s, is so small that y,, cos 6 reaches the
maximum giving vys. Figure 1 shows an example for
polytrifluoroethylene.

The most important matter in this method is that one should use
at least three kinds of testing liquids such as nonpolar, polar and
hydrogen bonding liquids for a solid of unknown polarity. (More
strictly speaking, acidic and basic liquid should be distinguished).

40 v v v - —
30
Ve
Vi s
20} / * O
@ L(JD' A\
v
S 10}
>
I~
0
\
__]0»-

0520 30 40 50 66 70 80
TLv (dyn/cm) at 20°C

FIGURE 1 vy, cos @ plotted against y,, at 20°C for Polytrifiuoroethylene. (%)
nonpolar liquids (n-alkanes), (A) polar liquids, (3) hydrogen-bonding liquids.




4 T. HATA, Y. KITAZAKI AND T. SAITO

(b) The maximum yc (Y. Kitazaki and T. Hata?)

Equation (2) also shows that the extrapolated value of y,, at
cos @ =1 is equal to ys in case ys;, =0 and x, is negligible. The
critical surface tension y- of W. A. Zisman is defined as the y,, at
cos 8 = 1. Therefore, using the Eq. (2), yc is given by

Ye=7Vs— YsL— 7. 4)
where y5, and #¢ are ys, and m, at cos 8 = 1, respectively. Since
vs. and x7 depend on the combination of solid and liquid, y. may
be diverse. Figure 2 shows the three different lines of cos 8 vs. y,,
obtained by using liquid series of nonpolar (A), polar (B ) and
hydrogen bonding (C) for polytrifluoroethylene.

Zisman himself was interested in the minimum y. as a measure of
the wetting property of the solid. However, we take an interest in
the maximum yc, which is almost equal to ys because it cor-
responds to the minimum of (y5; + 7x7).

In this method it is also necessary to use at least three kinds of
testing liquids as above mentioned for an unknown specimen. If one
does not like the discrete spectra as shown in Figure 2, one can use
the band spectrum (assembly of plots) obtained from many liquids

e

T
>

0.5

cos §
~— T
o=}
(-3
-3
O

[ R R T BT a— T
roddyn/em) at 20 °C

FIGURE 2 Zisman's plots using liquid series of different polarities for Poly-
trifluoroethylene. A: nonpolar liquids, B: polar liquids, C: hydrogen-bonding liquids.
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having various polaritics. The extremely right-hand line of the band
give yc(max).

2.2 The methods using the combined equation of Young and
Good-Girifalco

The interfacial tension y,, has been expressed by the equations
involving surface tension of each phase y, and y,. One of them is
the following equation of Good and Girifalco®.

Yi2 =¥y + v2 = 20(r,72)"? (5)

where @ is the parameter of molecular interaction. Combining this
with the Young’s equation gives

_{rv(1 +cos 8) + n.}?

6
YS 4(1)2YLV ( )
yev (1 + cos B)?
or
172
cos 8 = 2¢1>(£> -1- Ze (8)
Yiv Yov
Ys 12
~ 2¢(};) ~1 )

If the value of @ is found for a pair of the testing specimen and
liquid, we can evaluate the approximate ys from the contact angle
data using Eq. (7). Good and Girifalco* evaluated ys of a glassy
fluorocarbon in this way, where they obtained ® from the ex-
perimental values of y,, y, and y,, using Eq. (5) for a liquid
homolog of the solid specimen and the testing liquid. However, this
method is not general and the following methods using only the
contact angle have instead been developed.

(a) The method of S. Wu’®

According to the definition of y., that is y-=limg_qyLy, Wu

derived the following relation from the Eq. (6)

Yo = Plys — 7, (10)

where the higher terms are truncated in the series expansion.
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Equation (10) shows that yc is a function of @, therefore Wu has
used yc, in place of yc. Combining the Egs. (10) and (6), and
neglecting the smaller terms gives

1+ cos 8)°
m=y—“’—(T—) (11)

The maximum value of y¢, on the plot of y¢, vs. v,y is regarded
as ys, because it corresponds to @, =1 in Eq. (10), when 7, can
be neglected (Figure 3).

‘The criterion of yc(max)=ys has been proposed by us as
mentioned in the Section 2.1(b).

If, otherwise, ® ., =1 could be considered to the condition of
determining ys, then Wu may have gone a roundabout way through
v¢, because Eq. (6) directly gives

ysc[>2=Y"V(l :cos 9)2+ﬂe<1 +§056+4;tzv) (12)
Lt eos0) o)

or the Eq. (7) gives
qu)zzm(l+c_050)2 (14)

50 -

hylene

Tc4 (dvn/cm)

] 1
10 20 30 40 50 60 70 80 90
rivfdyn/em) a1 20°C

FIGURE 3 vy, = ((1/4)y,,(1 + cos 8)?) plotted against v, - for polyethylenc and
polytetrafluoroethylene (after S. Wu. Ref. 5). v, is the Zisman's y..




SURFACE ENERGY OF POLYMER SOLIDS 7

Equation (13) is quite the same as the combined Eqgs. (10) and
(11). Neglecting 7., the maximum value of (1/4)y,,(1 + cos 8)° is
here again corresponding to ¢, =1 and gives vs.

(b) The method of T. Hata and Y. Kitazaki’

As Wu pointed out, ®,,, may be 1 for a pair of equal polarity.
This fact can be shown by the Good-Girifalco equation itself.
Putting y,,=0 as the condition of equal polarity, Eq. (5) gives
& = (y, + v2)/2(y,v2)"% This is the ratio of the arithmetic mean
to the geometric mean of y, and v,, then if y, does not differ too
much from y,, ® is nearly equal to unity. For example @ is equal to
1.04 for even such different surface tensions as y, = 36 and vy, = 64.
Among many combinations of a solid with testing liquids, a certain
one will satisfy the condition of ®,,, = 1. To find this point there
are two ways. The one is the same plot as made by Wu, but on the
different basis of Eq. (13) or (14). The other is the plot of cos 8
against 1/(y.y)"? according to Eq. (8). An example is shown in
Figure 4 for polytetrafluoroethylene (PTFE) using Zisman’s data.’
The largest slope of the line through (-1, 0) approximately cor-
responds to ®,,., = 1 and gives 2(ys)"*. Otherwise, the intercept of
the horizontal line at cos@=1 by this largest slope gives
1 (yLy)* = 1/(ys)"?. We obtained from this method ys =22.0 dyn/
cem for PTFE, the value being in good agreement with the value by
other methods.

1.0

cos 3

= 1.0

FIGURE 4 Plots of cos 8 vs. 1/(y,,)"" for polytetrafluoroethylene after Zisman's
data (Ref. 7). (a) The slope by Good and Girifalco. (b) The largest sfope by Hata
and Kitazaki.




8 T. HATA, Y. KITAZAKI AND T. SAITO

2.3 The methods using the equations for the work of adhesion

This method starts from the fact that the surface tension y can be
divided into its components, y¢, y” and if necessary y”", that is
y=y?+ y?(+y"), where the superscripts d, p and h refer to
dispersion (nonpolar), polar and hydrogen bonding components. If
these components are determined independently, we can obtain yg
by summing them up. On the other hand, the work of adhesion W,
has been expressed by these components of two phases, which
originated in the work of F. M. Fowkes’ for non-polar liquids as

W, = 2(yiy)"” (15)
This has been extended to a pair of polar liquids as follows;
Y. Kitazaki and T. Hata®

W, = 2(y{y)"? + 2(¥5vD)'" + 2(viy)'? (16)
D. K. Owens, et al.° D. H. Kaelble, et al.'
W, = 2(riv))"* + 2¥iv8)'” (17)

Instead of these equations of geometric mean, the harmonic
mean equation has been proposed by S. Wu,'' that is

_ 4rlyd | Avis
vi+ys vi+v8
Combining any of these equations with the Young-Dupré equation,

W,=y1+ 72— 712=Yev(l +cos 6) (19)

(18)

a

the following equation is reached from, for example, the equation
an
yev(1 +cos 8) = 2(y5y{)" + 2(v5v7) " (20)

Using at least two kinds of liquids with known y{ and ¥%, y¢ and
y% are determined from the contact angle measurements and then
Ys-

2.4 The two-liquids method™

The contact angle method above described cannot be applied to a
solid of such high energy surface that most of liquids never form
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beads but spontaneously spread out. Even in such cases, a liquid
drop can be formed on the surface immersed in the second liquid
which is incompatible with the first. For instance if a drop of
n-alkane (H) is introduced on the surface of a solid (§) immersed in
water (W), we have the following equations using the geometric
mean for the work of adhesion.

Ysw = Ysu + Yuw €0S 0 21

Ysu=Ys +vu— Avsyi)'? (22)

Ysw = Vs + Yw — 2(v4re)'"? = 2(viyh)'? (23)
TABLE 1

The surface tension of polymer solids by various methods (dyn/cm) at 20°C

Yo cos 0 Ys Y GM GM. HM.
Polymer solids (max) Y'i;’w‘) (D) “’,’: 2 2O @

‘1 2 3 4 *5 *6
Polytetrafluorocthylene 21.5(8) 216 20 27 2 19.1 218 2.5
Polytrifluoroethyiene 28.KCy 284 287 28.7 — 239 312 27.3
Poly(vinylidene fluoride) 40.(C) 371 370 372 - 30.3 402 32
Poly(viny! fluoride) 44.2(0) 427 4?2.7 4277 — 36.7 435 384
Polyethylene (air)*” 38.3(B) 36.1 36.5 365 35.6 332 356 361
Polyethylene (glycetine)*’ 43.9%B) 43.1 431 431 (35.6) — 413 —
Polyethylene (Hg)*? 41.3(B) 9.4 395 395 (35.6) . 41.6 —
Polyethylene (PTFE)*7 29.2(B) 26.8 W6 2.6 (35.6) — 26 8 —

treated by
Polyethylene (chromic acid) 52.0(B) 499 50.3 50.2 (35.6) — — —
Polypropylene 29.8(B) 215 2.1 2.1 298 — 298 _
n-CygHo (cleavage surface}? 20.6(A) 218 21.8 22.0 35.0% 19.1 20.6 236
PolystyrencZ 43.0(B) 431 431 43t 0.6 20 406 26
Poly(methyl methacrylate) 43.5BC) 4.9 45.0 449 41.4% 402 435 41.2
Poly(vinyl chloride)Z 43.9%B) 438 439 4318 — 41.5 H“o 419
Poly{vizylidene chloride)Z 44.0(B) 4.4 44 M6 — 450 458 454
Nylon 66% 46.0(C) 42.9 430 432 46.5% 470 465 447
KEL-FZ 31.5(B) 321 319 321 09 215 S W
Polyoxymethylene 46.5(C) 4.6 45 44.7 — — 4.6 —
Poly(ethylene terephthalate) 43.9B) 438 439 43.8 “ev 413 — 421
PET(corona discharged) 51.1(C) 51.9 519 520 - — ~ -
Poly(y-methyl- 50.0(C) — — — — — 48.0 —
L-glutamate ) a)%*#
Poly(y-methyl- 37.0(BC) — - — - — 378 —
L-glutamate)(B)%-**

PolyglycineZ 48.5(C) 50.4 0.4 507 — — — —
Bakelite 38.(BC) 36.9 373 375 — — 38.5 —

Notes: *1, A, B and C in the parenthesis mean that the nonpolar (A). polar (B) and hydrogen-bonding (C) liquid
series each gave the maximum yc. 2. The calculated values from the largest slope of cos 6 vs. 1/(y,, )2 *3.
The extrapolated values of surface tension at 20°C from molten state *4. The geometric mean cquation of two
components. *S. The geometric mean equation of threc components. *6. The harmonic mean cquation. *7
Surfaces produced by the contact with materials in parenthesis. *8. « and § mean the surface of a-helix
conformation and S-structure, respectively. *Others Z.J,W and § mean that y¢ arc calculated from the data of
Zisman, Johnson. Wu and Schonhorn, respectively.




10 T. HATA, Y. KITAZAKI AND T. SAITO

where ys, vy and yy are the surface tensions of solid. hydrocarbon
and water and ysw, Ysy and yyw are the interfacial tensions
between S/W, S/H and H/W respectively. Combining the equa-
tions (21) ~ (23) we have
- dNU2( (., d V2 o d 12
JH ™ Yw — YHw CO5 0 =2(y5)"“\(vh) (Yw) °}

~

Y X
=2(v5vi)' T (24)

By using a series of n-alkanes, a linear relationship is obtained by
plotting the quantity Y as a function of X, and accordingly y% is
given by the slope and y% by the intercept. L. Lavielle and J.
Schultz'* recently adopted this two-liquids method for the estima-
tion of ys of acrylic acid grafted polyethylene.

This method has an advantage over the single liquid method in
that the surface pressure sz, does not appear in the equations.
However the adsorption of the second liquid may be a new
problem.

Now, ys obtained by the various methods are summarized in
Table I and especially yy of the fluorine substituted polyethylenes
obtained by the two ways are shown in Figure 5 together with

'
E d
< 30 (¢) -
>
=2
L
Val
(a)
)\\\ 3
20 \\W]
)
A _ﬁJ
0 25 50 75 100

Fluorine substitution(%

FIGURE 5 yg and Zisman's y. of fluorine substituted polyethylene, (a) Zisman's
Yer (b) vs by the extended Fowkes Eq. (16), (c) y.(max).
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Zisman’s y.. The maximum ys of poly(vinylfluoride) is reasonable
when taking its polarity into consideration.

In conclusion, we recommend the methods of the maximum
Yov cos @ and the maximum vy, as described in the section 2.1,
because they are simply based on the Young’s equation, while the
others are all combined with equations which are not thoroughly
proved.

3 A NEW METHOD OF THE ESTIMATION OF y, USING
CONTACT ANGLES

3.1 The contact angle in consideration of the friction between
liquid drop and solid surface

The angle (&) of contact between a liquid drop and a solid surface
has been derived by us as follows,"

r
cos @ =——{ys — Vs. — T T ¥¢} (25)
Yev
where r is the roughness factor and y, the frictional tension defined
by
6 172
Ye = (.L + tan a)(ﬁM_) (26)
o, x

with T as the shear stress at liquid-solid interface, gy the yield stress
of the liquid. a the base angle of isosceles triangle expressing
surface roughness, r the roughness factor being equal to 1/cos a,
and mg the weight of the liquid drop.

The plus and minus signs beforc v, correspond to the receding
angle 6, and the advancing angie 6, of contact, respectively. Our
theoretical Eq. (25) is in result the form of the equation of Adam
and Jessop'® who a priori introduced the friction force. According
to our previous work'® the reversible and the irreversible work of
adhesion. W, and W,, for a partially miscible interface can be
expressed by and related with each other as,

Wo=vs+ vy — Yo = 2(ys)Vy) " (27

Wy= g (tan 65)**(tan 6,)"' W, (28)
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where tan o5 and tan §, are the loss tangent of the solid and the
liquid, y¢=(1~y,) and y, are the mean mole fraction of the
molecule or the segment of the solid and the liquid in the interfacial
layer.

Taking the irreversibility of the friction into account.'* W, can be
equated to y, for the flat surface (r =1). By substituting the Eq.
(28) for the yr in the Eq. (25), we obtain the following equation for
the flat surface

S Ve — T,
Ys — Vs :tft(

Yiv

s
Yiv

Y5
cos 6 = ) (tan 85)"(tan 8,)*  (29)

Eliminating (ys — vs;) in the equation (29) by the Eq. (27) gives

cos 6= {2(—&) [1 + z (tan &5)¥*(tan 6,,)"”} - 1} e 30)
YLv 2 Yiv

Incidentally, the equations (29) and (30) prove the positive correla-
tion of the advancing contact angle and tan ¢ which was ex-
perimentally shown by Neumann and Tanner'”.

3.2 The critical surface tension y. and the surface tension of solid

3.2.1 Relationship of vy, with the advancing angle 6, or the
receding angle 6, of contact

As the Eq. (25) shows, the critical surface tension y. depends on
whether the contact angle is advancing or receding, then two kinds
of the y., i.e., y¢, for 6, and y, for 6, can be obtained by making
6 be zero in the Eq. (25),

Yea S (Vs — Yo — Ao~ YE) = r(YSv — YS0 — ¥§) (31)
Yer =r(Ys = YS — e+ YE)=r(ySv — vs + YF) (32)

where the superscript (°) stands for the corresponding quantity at
the zero contact angle. The equations (31) and (32) indicate the
following.

a) The difference between y., and y, arises from the frictional
tension, and the inequality or the difference of them can be written
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as
Yoo <r(¥s — YsL— 7o)< Yer (33)
Yor = Yea = 2rYE (34)

b) Since the y«(Yca, Yer) is a function of such factors as 73, y3,
and y% along with ys and r, the y. of the solid has diversity due to
those factors depending on the liquids used for measuring the
contact angle.

c) According to the reason above mentioned, experimental
values and/or the information on 72, v$,, yr and r as well as v,
and y, are needed in order to estimate the yg from the y.

3.2.2 Estimation of ys from y¢, and yc,
When estimating ys from v, the yr can be eliminated by adding
‘ the Egs. (31) to (32) as follows.

Y‘r+ a o o
5= 2r__Yc + Vst e (35)
. + -+ v,
z)’(rzy('a (forr=1, Y§L+n2<<Y(72Y(a) (36)

If we assume here that y5;, yc, and y., are compatible with the
Eq. (27), ys. can be expressed by

o ; Yer + Yca
YL =vs — Yy + v + %

Equation (35) can then be rearranged in case y, #0 as

1 ve=| U [ A T | e

vé +v& L2

_ (Yor + Yoo F VS _
= (—_—%:-Jr - ) for r=1 (39)

3N

PR ¥ S — e

-+ + Yea Vys
4 - (ﬁ) for 7. /(ver + vea) K1 (40)
Cr Ca

In case ys =1, Eq. (38) is reduced to

y‘zYCr'*- YCa
s 2

] For the macroscopically flat surface, we can estimate ys from Eq.

for r=1, T (Yer + Yeu) KL 1 (41)

)
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(30) under the condition of s #0 as

( ﬂ'g 1 1 1ys
“?(Y +y—)
=TT T (42)
() G
" Y(‘r YCa
- z R ”3( L DY 43
< < 1 )V’s+< 1 )\Ps or 4 Yer YCu) « ( )
L \Yer Yca

When vy is unity, the Eq. (42) can be reduced to

_ ZY(‘rY(‘a +it_g

= 44
Yor+ Yoo 2 “+4)

Ys

While the Eq. (30) provides us with the following equations for

P, %0
o N\ Vws
I 1+ 2”"
Y "a
Ys = Yca - > (45)

1 - Z (tan 85)¥(tan 8,)*"
2 J

"

- x° N Vs
1+ zy"
vs= Yoy — = > (46)

1+ 3 (tan &5)¥s(tan §,)¥"
L

/

If the yr is small enough compared to the reversible work of
adhesion W, i.e.,

F

= g (tan &5)¥*(tan 6, )¥" < 1 (47)

I3

and &, is negligible, i.e.,

o

JT
L« 1 48
27c (48)




SURFACE ENERGY OF POLYMER SOLIDS 15

Equations (45) and (46) can be reduced as

e /4
=y ll+ < ){1+— tan d5)¥5(tan & “”-} 49
s = e 1+ 3o {1+ 5 (tan 89)"tan 5,)" | (49)

F; 94 T
=y 1+ = ){1—— tan d5)¥s(tan & “”} 50
5= Yo (L4 3 |1 =5 tan 09" an 5" | (50)

In the case of ys =0, we obtain the following from Eq. (29).

e
YS=YCa<1+Y_“+ta“ 6L)+Y.°S‘L (51)
Ca

e °
Ys= YCr(l + — tan 6L) + ¥se (52)

Cr

Equations (51) and (52) can be rewritten as

o

Jte
ys=Yc+ys. for e +tan 6, < 1 (53)
C

where the yc is the yc, or the y,. Equation (53) is identical to Eq.
(4) derived by the Young’s relationship.

3.2.3 Estimation of the mean mole fraction
In the case that y, is small enough as shown in the Eq. (47), and
7./ y. v is negligibly small, Eq. (30) can be reduced to

_ YS Wy
cos@=2(—] -1 (54)
Yrv

We then obtain the following equation.
ln(1+COS B)zIHZ(YS)W— lps ln YLV (55)

which shows an approximate s is able to be determined by the
slope in the plot of In(1 + cos ) vs. In y,, and the y can also be
determined by the y,, corresponding to the intersection of In 2 and

Iny.y.

3.3. Comparison of y; determined by various methods

Using the data on y. and yc, by Petke and Ray'®, we can
estimate the ys of some polymers. Besides, Zisman's® and our
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TABLE 11
Estimation of ys of polymers from y, and y, reported.

" " 2 *2 » 3 3 a 4
Polymers re ¥s ¥s vovooss _V¥S ¥s ¥s ¥s

< Ca  Eq.(36) Eq.(44) li:m) Eq. (55) Eq.(55) Eq.(40) Eq.(43)
PE 2.8 363 396 393 36.1 0.844 39.4 39.6 39.3
PS L 370 36.6 3.1 0.5T7 427 371 36.7
POM 4332 38.2* 408 40.6 4.6 0.847 417 408 406
PC 3.5 3¥7r 39.1 8.6 320 0.683 35.3 392 38.7
PET 455 40.3° 429 2.7 438 0.914 4“1 42.9 42.7
FEP 4.0 198 21.9 21.7
PTFE 200" 7.6° 14.0 1.1 21.6 0.679 231 14.5 1ns
PMMA 456> 440> M8 438 45.0 1.02 434 447 4.7

*1. At 20°C after Petke and Ray'®; b) at 25.5 + 1.5°C after Shimi and Goddard!®.

*2. After the data*!.

*3. Estimated by Eq. (55) with our data of 6, at 20 + 2°C.

*4. Yea Yo and yg at 20°C after Petke and Ray'™, and at 25.5 4 1.5°C after Shimi and Goddard'® using Eq.
(55).

works allow us to estimate the g and the v, from the Eq. (595).
Results are summarized in Table II, which indicates that each
method using yc, and ¥y, is able to give reasonable yg being almost
equal to, for example, the maximum v, cos 6. So we consequently
recommend rather the simplified Eqgs. (36) and (44) than equations
involving the g and vy, .

4 CONCLUDING REMARKS

In this article we have reviewed and proposed various methods to
evaluate ys of polymers, above all using contact angles. The
following methods are eventually recommended as mentioned in the
text.

1) Either the maximum y, v cos 6 or the maximum y. using the
advancing contact angle is appropriate to estimate the ys.

2) Allowing for the frictional tension at the liquid-solid interface,
both the critical surface tension y., and y, should be determined
by advancing angle (6,) and receding angle (8,) of contact,
respectively. The ys can then be obtained from the arithmetic mean
(Eq. (30)) or the harmonic mean (Eq. (44)) of y, and y,.

3) Another recommendable method is based on the contact angle
(8p) being independent of the frictional tension y.. An equation
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about cos 6, can readily be derived by the equation (25) as follows.

cos 8, +cos 6,
2

Therefore ys can also be evaluated from a plot such as y,, cos 8,
vs. Yy (e.g., Fig. 1), cos 8, vs. v,y (the Zisman’s plot) or
In(1 + cos 8;) vs. In v, (Eq. (55)).

Finally, we just touch on the mean mole fraction ¥ and vy, at
the liquid-s_lid interface. The estimated values of ys=(1—vy,) is
diverse and not necessarily equal to 0.5 as shown in the Table 2.
This result shows that the Berthelot’s approximation (ys= vy, =
0.5) is not appropriate for evaluating the work of adhesion, the
critical surface tension and other quantities affected by the interac-
tion in the intermixing interface. The divergence of yg from 0.5 has
also been confirmed by the Eq. (27) using directly measured y,, y,,
and y,, of liquids. This is an important fact in surface-chemical
problems.

cos B, = (56)
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Stress Distribution and Strength of
T-type Adhesive Joint with
Reinforcement for Bending
Momentft

YUKISABURO YAMAGUCHI, SUSUMU AMANO, and SADAO
SATO

Kogakuin University

{Received August 26, 1986)

The stress distribution in the adhesive layer of T-type adhesive-bonded butt joint
between rigid adherends has been measured experimentally, and the equation
relating the maximum stress in the adhesive layer to the bending moment applied to
the joint and to the joint dimensions was derived. The equation is used to calculate
the adhesive strength of a T-type joint from the measured breaking load. These
strengths show reasonable agreement with experimental values.

The distribution in the adhesive layer of a T-type adhesive joint with the
reinforcement having the section of a right-angled isosceles triangle has been
measured experimentally. The strength efficiency of the reinforcement 7 and the
strengthening magnification of the reinforcement u are discussed geometrically
comparing with the equation. The values of 7 and u measured by the experiments
showed good agreement with the values obtained geometrically.

KEY WORDS Bending moment; reinforced adhesive joints; rigid adherends; stren-
gth; stress distribution; T-type adhesive joints.

1 INTRODUCTION

In the first part of this paper, the equation relating the maximum
stress in the adhesive layer to the applied bending moment P! in
"t resented at the Tenth Annual Meeting of The Adhesion Society, Inc.,
Williamsburg, Virginia, U.S.A., February 22-27, 1987.

t Author to whom all correspondence should be addressed at: Hongo 4-9-8,
Bunkyo- Tokyo 113, Japan.
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Figure 1 is derived for a T-type adhesive-bonded butt joint between
rigid adherends such as steel through the experimental result of the
stress distribution of this adhesive layer, and compared with the
results of experimental measurement. In the second part, the
distributions of stress and reacting moment in a T-type adhesive
joint with the reinforcement having the section of the right-angled
isosceles triangle shown in Figure 6 are discussed goemetricaliy. The
strengths of both adhesive joints with and without reinforcement
are also discussed geometrically and compared with the experimen-
tal resuit.

2 DERIVATION OF EQUATION RELATING MAXIMUM STRESS TO
BENDING MOMENT IN T-TYPE ADHESIVE JOINT

Figure 1 shows a T-type adhesive bonded butt joint subjected to an
applied bending moment. The adherends A and B are adhesively
bonded at the surface JK, and the bending moment P/ is the
product of the bending force P and the distance / that P is applied
from the adhesive surface. If, as shown in Figure 1, equal and
opposite forces P' and P; are assumed to act the mid-point O, then
the couple P! comprises P and P, and P’ becomes the shear force in
the adhesive layer.

——
— — 7 r
P T : 1
R
n v.'&<;, ’; ':Q < s ‘
1 "&i?;vx v (B) ' \ i
x = | ‘Ji‘f ' o— X P —
N I
R v
ey |
A . N i § |
| AP
"‘ (A)
|
|
b

FIGURE 1 T-type adhesive joint with applied bending moment P! and its
schematic stress distribution.
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FIGURE 2 Positions of strain gauges to measure strain under applied bending
moment for T-type adlicsive joint.

Before the maximum stress/bending moment relationship can be
derived, it is necessary to know the stress distribution induced in the
adhesive as the result of the bending moment. This was determined
by placing three strain gauges across the adhesive layer of the
T-type joint, as indicated by @, @® and © in Figure 2. The strains
at these points under different bending forces P applied at /=
80 mm are shown in Figure 3. It is clear from this figure that a
tensile strain is induced at @ and compression strain at ©, with
almost zero strain at (§). As the stress is directly proportional to the
strain, the stress o, at the distance y from the mid-point is given by;

0, =0y —= (M

where o, is the stress at @ or the discance t/2 from the mid-point
O, t is the vertical length of the adhesive surface and n is almost
equal to one. If n =1 in Eq. (1), then the tensile stress distribution
across OJ and the compressive stress distribution across OK is
shown by the arrows in Figure 1, and o, is the maximum tensile
stress. If the area dA at a distance x from O is the product of the
breadth b and a small vertical length of adhesive dr, then the
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100}
hN T‘ £=80mm
Yo \\ Gz=0. %
. L
TN 2
~a| | -3 N
©, c -
O
-2 [ i @
x 0 = 1
= - %10 kgf
- 'é o O kgf (P)
2 \.\20 kgf
a'r WY, 30 kgt
§ o 40 kgt
50 kqgf
-100} \.\ 0 kg
60 kgt
70 kgt
C XX

FIGURE 3 Strains detected at @, ® and © in T-type adhesive joint under each
applied bending force P.

bending moment dM reacting against Pl at dA is given by;

dM = o, dAx 2)
From Eq. (1)
X
dM = (e} t/_2 bdxx
=265 Vdx

The integral value of dM from O to J must be half of the bending
moment Pl. Hence;

Pl X =2

—= dM

7).
2bo, [*="

x(n+l)dx

t x=0
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— 2b01 1 n+Iyx=1t/2
Tt o n+2 " )iz0
_ 2b0,_ (i)mz
(n+2)t\2
. 2"(n + 2)PI
01 =T (3)
Whenn=1
6Pl
0= Et_z (3a)

As shown in Figure 1, the average shear stress 7, or the
maximum shear stress 7,,. induced at the adhesive surface JK by
the shearing force P’ is;

__p_rp .
Vbt bt @

P
Tmax = arav_aa (5)

where a is the shear stress concentration factor! the maximum
combined stress or the equivalent tensile stress o,, (comprising o,
and T,,,,) is derived from the equation o, = (0° + 7%)**

2(n+2)PN\? [P\
Oer = ( e+ >+<b—t“)]

~5 () ] ©
whenn=1
0.y =£ [(67[)2 + az]m (6a)

when !/t is greater than 2, 0, > 7.,. Thus 7, becomes negligible
compared with o,, so that Eq. (3) or (3a) is applicable.

3 EXPERIMENTAL VERIFICATION OF THE EQUATION

T-type adhesive-bonded butt joints were prepared between stainless
steel adherends (A and B) with an epoxy-polyamide adhesive at JK.
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FIGURE 4 Experimental apparatus for breaking the adhesive joint by bending
moment Pl.

The joint were mounted in the apparatus shown in Figure 4, and
the breaking load P,,, was measured by increasing the load at
distance [ of 40, 60 or 80 mm from the adhesive surface. The
average value of P, obtained are presented in Table I.

The tensile adhesive strength o;, of the joint was calculated by
substituting the value of P,,, into Eq. (3a) or (6a) that is,

TABLE 1
Bending (or tensile) adhesive strength o, for each bending moment P, ./ For
T-type joint
Distance No. Breaking load Mean breaking load Bending adhesive strength
! (mm) Pmax (kgf) Pmax‘av (kgf) OII (kgf/mm:)
1 196
40 2 195 195.5 5.2
3 -
1 172
60 2 167.5 169.7 6.8
3 —
1 102
80 2 106 104 5.5

3 104
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FIGURE 5 Test specimen to measure the tensile adhesive strength.

;) = 6Pl /bt*. These values of ¢;, are shown in the right-hand
column of Table I: they range from 5.2 to 6.8 kgf/mm?, with the
average value being 5.8 kgf/mm?. Since in these tests the value of
l/tis 4 to 8, then 0,>> 1, and 0, = 0,,.

The tensile adhesive strength o; obtained using the specimen
shown in Figure 5 was 5.2 kgf/mm?®. The reasonable agreement
obtained between the theoretical adhesive strength o;, under
bending moment P/ and the tensile experimental value o), verifies
the use of Eq. (3a) and (6a) to estimate the strength of T-type
adhesive bonded butt joint under an applied bending load moment.

- nrea VBCL
'rL ~ Tarea OC'L

area QBCL
A= area O

FIGURE 6 T-type adhesive joint with the reinforcement C having the section of a
right-angled isosceles triangle and its schematic distributions of stress and reacting
bending moment under applied bending moment Pl.
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4 T-TYPE ADHESIVE JOINT WITH REINFORCEMENT

a) Distributions of stress and reacting moment in adhesive layer

To know the stress or strain distribution at the adhesive layers
between steel adherends (4) and (B), (C), eleven strain gauges
@ ~ @ were placed across the adhesive layer LM in Figure 7(a),
and also six strain gauges (2~ {9 were placed across the adhesive
layers JE and KF between the steel adherend (B) and the
reinforcement (C). Strains detected by the strain gauges at the
adhesive layer LM are shown as Figure 8. It is clear from this figure
that the stress distribution at th¢  dhesive layer JK is similar to that
of T-type adhesive joint shown by Figure 1, and that the strain
amounts at the layers LJ and KM between adherend (A) and

FIGURE 7 Positions of strain gauges attached across the adhesive layer of T-type
adhesive joint with the reinforcement C.
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FIGURE 8 Strains detected by strain gauges (D ~ @of T-type adhesive joint with
the reinforcement under each applied bending load P.

reinforcement (C) are smaller than that at JK. The stress distribu-
tions at the adhesive layers JE and KF under bending load are also
shown by Figure 9, where o, is tensile stress and o, is compressive
stress. The reason for those phenomenons is assumed to be that
there are some relaxations of bonding between adherends (B) and
(C) due to the much lower elastic modulus of the adhesive layers.
We would consider now the distribution of reacting bending
moment at adhesive layer LM to be balanced to the bending
moment P/ for a T-type adhesive joint with or without reinforce-
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FIGURE 9 Strain distribution at the adhesive layer of JE and KF.

ment. In the upper half side of the adhesive joint in Figure 6, the
reacting bending moment dM, at minute adhesive area dA having
length of dx and width of b =dx - b and x far from mid-point O to
be balanced to applied bending moment PI/2 is given by:

dM, = o, dxbx (7)

where o, is the tensile stress at the points x far from O. Along the
adhesive layer JO, the following relation is obtained;

Pl fx=1/2
== aM,
2 x=0

X =t/2
=J’ o, -b-x-dx 8
x=0

The value of o, is shown geometrically by the distance from OJ to
the line OB in Figure 6, and the maximum amount of g, is given by
BJ. As dM, is the product of o,, dA and x, the value of dM, is
shown geometrically by the length parallel to axis xx of triangle
OBJ, and the maximum value is presented by BJ. And then the
area of triangle OBJ is equivalent to [%=§> dM,. When the thickness
of a adherend (B) becomes (z+2m) and the length of adhesive
layer is LM. The value of o, is shown by the length parallel to the
axis xx of triangle OAL, and the maximum value is presented
goemetrically by A'L. Accrodingly, the value of dM, is shown
geometrically by the length parallel to the axis xx of triangle OC'L
and then [¥24? dM, is shown by the area of triangle OC'L.

The value of o, along the adhesive layer OL of the joint with
reinforcement (C) is shown by the length parallel to the axis xx of
quadrilateral OB’AL which is similar to that in Figure 8. As there
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are some relaxations at adhesive layer and some deformation of the
reinforcement (C), it being an elastic the solid, the amount of dM,
of this case is shown geometrically by the length parallel to the axis
xx of the quadrilateral OBCL, and [XZ}**™dM, is shown by the
area of the quadrilateral OBCL. The larger the area presented by
the integral of dM, the larger the adhesive strength against the
applied bending moment. If P,/ is the applied bending moment to
break the T-type adhesive joint with thickness of (¢ +2m) of
adherend (B) and P,/ is that to break T-type adhesive joint with
the reinforcement (C) with adhesive length of m, then their ratio,
designated the strength efficiency of reinforcement, 7, is given by:

_ Phal _area OBCL
B Pmaxl—_ area OC'L

€)

When o), is the stress at L of T-type adhesive joint with adhesive
length of (¢ + 2m), the area of triangle OC'L is given by:

F ol _opb - (t+2m)
2 12

When P,/ is the maximum bending moment for T-type adhesive
joint with adhesive layer of JK and thickness of adherend (B) of ¢
and P,/ is the maximum bending moment for T-type adhesive
joint with the reinforcement (C) with adhesive length of m, their
ratio u is designated the strengthening magnification of reinforce-
ment and is given by:

(10)

__ Prax _area OBCL
k= Pomaxl ~ area OBJ

(11)

b) Experimental

When a bending moment P! was applied to a T-type adhesive joint
with 20 or 44 mm thickness and 40 mm width of adherend (B), the
breaking loads Pgp..(f =20 mm) and P, (¢t = 44 mm) for each arm
length !/ of 110, 70 and 45 mm were obtained experimentally as
shown in Table 1I. In these cases, the adherends were stainless steel
and the adhesive was an epoxy-polyamide.

The tensile or bending adhesive strength o; obtained from
equation (3a) or (6a) for those T-type adhesive joints were 5.0 to
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TABLE 1I
Experimental results
Breaking
load Strength
Type of Arm Pomax efficiency of  Strengthening Adhesive
adhesive length  or P, reinforcement magnification  strength
bonded joint I(mm) (kgf) n (%) u T
Without 110 Pomax 129 100 1.0 5.0
reinforcement 70 Pomax 238 100 1.0 6.3
T type 45 Pomax 323 100 1.0 5.5
t=20mm
- m 110 Poax 217 86 1.68 4.6
§ 4mm 70 Pl 374 80 1.57 5.1
E 45 Pl 459 77 1.42 4.0
1%
i) m 110 Plrax 372 90 2.88 438
€  8mm 70 Pl ST 74 2.39 4.7
hai 45 Ploax 776 76 2.40 42
=z m 110 P... 451 73 3.49 3.9
12 mm 70 Prax 754 65 3.16 4.2
45 P, 1,084 72 334 4.0
Without
reinforcement 70 P, 1,061 100 5.6
T type
t=44mm

Pomax Without reinforcement, P, with reinforcement

6.3 kgf/mm? as shown in Table II. The tensile adhesive strength g,
obtained by the test pieces shown in Figure 5, was 4.8 kgf/mm? and
their bending adhesive strengths, g;;, were 5.3 to 6.3 kgf/mm?. The
values of 0;,, 0;, and o, show good agreement.

For T-type epoxy-polamide adhesive joints between steel ad-
herends (A) and (B) with breadth 40 mm and thickness 20 mm
attached adhesively the steel reinforcement (C) with equilateral
length m of 4,8 or 12 mm, the breaking bending load P,,,, for each
arm length [ of 110, 70 or 45 mm were obtained as shown in Table
II, using the apparatus presenting in Figure 4. The strength
efficiencies of reinforcement 7 were obtained from those values as
follows:

Poaxl P

22 (for same / and 1) (12)

v
]
g'\
v
3
%
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FIGURE 10 Relation between breaking load P, or P, .. and arm length [ of
bending moment for T-type adhesive joint with each reinforcement C.

The values of n are shown in Table II. Figure 10 shows the relations
between the breaking load Pg,,., for 20 mm of ¢ without reinforce-
ment or P, for each equilateral length m of reinforcement and
arm length [ of bending moment. Figure 11 shows the relations
between adhesive strength of each adhesive joint oy, obtained from
Eq. (3a) assuming that ¢ is (20 +2m) or strength efficiency of
reinforcement # and arm length /. It seems from this figure that the
value of 7 increases slightly with increase in /.

The strengthening magnifications of reinforcement u were ob-
tained by the following:

_ Poad _ Proa

u= =
POmaxl P()max

where Pgm,, is the breaking bending load of T-type adhesive joint

(13)
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with 20 mm thickness of adherend (B) and P, is that with 20 mm
thickness of (B) and the reinforcement of 4, 8 and 12mm of
equilateral length m. The values of u for various cases are shown in
Table II. 1t is clear from the Table that the values of u are 1.5 for
4mm of m, 2.55 for Smm of m and 3.26 for 12 mm of m. Those
values of n or u are nearly equal to the values obtained from the
area ratio given by Eq. (9) or (11) and Figure 6. It seems that there
is good agreement between the value of 7 or u obtained experimen-
tally and that obtained from the area ratio geometrically.

§ CONCLUSIONS

When a bending force P is applied parallel to and at a distance /
from the adhesive surface of a T-type adhesive-bonded butt joint
between two steel adherends of thickness ¢ and width b, the
maximum tensile stress o;, and the maximum equivalent tensile

AW
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stress 0,; induced at the adhesive layer are given by the equation;
_2"(n+2)Pl

1= bt(n+l)
P[{2"(n+2)P\? 12
oq=b—t[(—~———( p ) ) +a2]

where the value of n is 1 when ¢ is less than 10 mm, but becomes
greater than 1 when ¢ is greater than 10 mm; « is the shear stress
concentration factor and is generally greater than 1 and o, is almost
equal to o,, when I/t is greater than 2.

When a similar bending force is applied to a T-type adhesive joint
with a reinforcement having the section of a right-angled isosceles
triangle of length m of equilateral, the distributions of stress and
reacting bending moment could be presented geometrically. The
strength efficiency of reinforcement n and the strengthening mag-
nification of reinforcement u are given by following:

Prax

Pmax

= Prmax
P()max

where P, is the breaking bending load of the joint with
reinforcement of equilateral length m and vertical adhesive length
of (t+2m), P.. is that of T-type joint in which the thickness of
adherend (B) equals to (¢t +2m) and Py, is that of T-type joint
with thickness ¢ of adherend (B). The values of 7 obtained
experimentally were 65 to 90% and those of 4 were from 1.5 to 3.2,
and those values showed reasonable agreement with the values
obtained geometrically as the area ratio.

7’:
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The strength of adhesive bonded joints is investigated both analytically and
experimentally. The deformed states of lap joints under tensile shear loading are
analysed by the finite element method on the assumption of elastic deformation. A
method of using the adhesive strength law is proposed to estimate the joint strength.
The adhesive strength law is experimentally determined by subjecting butt joints of
two thin-walled tubes to combined axial load and torsion. The strength of lap joints
is determined by adopting the adhesive strength law to the adhering interface as well
as the strength law of adherend and adhesive resin. The calculated strain distribution
and strength of the joints are compared with the experimental results. The effects of
the joint configurations on the deformation and strength are discussed. It is shown
that the proposed method is useful to predict the joint strength.

KEY WORDS Adhesive joint strength; adhesive strength laws; lap-shear joints;
metal adherends; strength prediction; stress distribution.

1 INTRODUCTION

Adhesive bonded joints have many advantages for structural usages
compared with mechanical fastenings such as bolts, nuts and rivets.
However, they do not always have enough reliability as to joint
strength. This is caused by the fact that the strength of adhesive

t Presented at the Tenth Annual Meeting of The Adhesion Society, Inc.,
Williamsburg, Virginia, U.S.A., February 22-27, 1987.
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joints is difficult to evaluate. A rational method is necessary for the
estimation of the joint strength.

Adhesive joints deform under loading conditions in a complicated
manner, as they are composite structures consisting of different
materials in the adherends and in the adhesive layer. Such joini
deformation has been investigated by many researchers within the
framework of the theory of elasticity and and plasticity and by
numerical methods such as the finite element method. Some of the
research results are found in a recently published book.' The
prediction of the joint strength is more complicaicd than the stress
analysis. The fracture of the joints is related to the interfacial
strength as well as the strength of the adherend and adhesive layer.
To evaluate the joint strength, it is necessary to correlate the stress
distribution with the interfacial strength. In this paper, the adhesive
strength law, which is determined by subjecting butt joints of
thin-walled tubes to combined axial load and torsion, is proposed as
the reference value for the correlation of the interfacial strength and
stress distribution. The proposed method is applied to the stress
distribution of various lap joints of metal. The predicted strength is
compared with the experimental value.

2 STRAIN ANALYSIS

2.1 Lap joints under tensile shear load

(1) Analytical model The coordinates, dimensions and boundary
conditions are given in Fig. 1(a, b). The joint length, the length of
upper and lower adherends and the adhesive length are represented
by notations I, /, and [,, respectively. The thickness of both
adherend and adhesive are represented by notations f, and t,,
respectively. The position in the x-direction and the adhesive length
are shown by non-dimensional notations X(X = x//,) and L,(L, =
I,/1), respectively. The boundary conditions are assumed that all
nodal points on the left edge of the upper adherend are fixed in x
and z directions, and the uppermost nodal point on the right edge
of the lower adherend is free in the x direction and fixed in the z
direction. The load per unit width, f, is applied to all nodal points
on the right edge of the lower adherend. The material constants of
adherends (carbon steel) and adhesive resin (epoxy resin) used in
this research are given in Table I.
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FIGURE 1(a) Coordinate system and dimensions of single lap joint.
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Boundary conditions of single lap joint.

The strain and stress distributions were

computed by the elastic finite element method under the assump-
tion of the plane strain condition. The finite element mesh divided
the joint triangularly into 89 layers of elements in the x direction
and into 12 layers of elements in the z direction and they formed 8
layers in the adherends and 4 layers in the adhesive layer.

The joint for strain analysis is 178 mm in length and 0.05 mm in

GPa

TABLE 1
Material constants for the joint
Adherend Adhesive
(carbon steel) (epoxy resin)
Young's modulus 206 3.33
0.33 0.34

Poisson'’s ratio
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FIGURE 4 Distributions of the strain y,, in adherends of single lap joint.

adhesive thickness. The results in Figures 2 to 4 correspond to the
case of /;=114mm, ,=50mm, ¢,=10mm, ¢ =0.05mm and
Lo =0.281. These figures show the strain distributions £x, £z and
yxz of the adherends in the x direction at z=1¢,/841,/2(z =
1.275mm) in the upper adherend and z=-t,/8—1,/2(z=
—1.275mm) in the lower adherend. The range of X from zero to
unity corresponds to the overlapping length of the joint. The strains
&, €, and y,, vary significantly in the vicinity of X =0 and 1.0, i.e.
on the edges of adhesive layer, while they are approximately
constant in the region near to X =0.5. Figure 5 shows the strain
distributions £, of adherends in z direction at X =0.01, X =0.05
and X =0.99. The range of Z from zero to unity corresponds to the
adherend thickness. The strains &, on X =0.01 and X =0.99
increase in the vicinity of Z =0, i.e. on both layers of the adhesive
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FIGURE 5 Distributions of the strain ¢, in adherends of single lap joint along the
thickness.

interface; while the value at X =0.5 is approximately constant in
the ranges of Z from 0 to 1.0 and from 0 to —1.0.

The strain distributions of joints under tensile shear loading were
measured by the use of the tensile loading equipment.” The
experimental results for a load f=100N/mm are also shown in
Figures 2 to 5. The experimental strain distributions coincide with
the analytical ones.

2.2 Tapered lap joints under tensile shear load

(1) Analytical model The coordinates, dimensions and boundary
conditions of the tapered lap joint are given in Figure 6. The length
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FIGURE 6 Coordinate system, dimensions and boundary conditions of tapered lap
joint.

of the joint, adherend overlap, taper and adhesive layer are
represented by notations /, [, [, l; and I, respectively. The
thickness of adherends and adhesive layer are shown by notations
t;, and ¢,, respectively. The non-dimensional length of the overlap.
the adhesive and the taper are given in Table II.

The assumed boundary conditions are that the lowermost nodal
point on the left edge of upper adherend is fixed in the x and z
directions and that the uppermost nodal point on the right edge of
the lower adherend is free in the x direction and fixed in the z
direction. The load per unit width, f, is applied to the uppermost
nodal point on the right edge of the lower adherend. The analytical
method and the material constants are the samc as the previous
section.

TABLE 11
Non-dimensional length of tapered lap joint
Overlap length L, L/t
Adhesive band length FA 2x 1/l

to joint length

Adhesive band length Ly 2x 11,
to overlap length

Tapered length L, 11,
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(2) Strain distributions The analysed joint was 178 mm in length,
t;,=0.05mm in adhesive thickness, ¢, =10mm in thickness of
adherends and /5 = 50 mm in tapered length.

Figures 6 to 8 show the strain distributions ¢, €, and vy,
respectively. The joint dimensions are /, = 114 mm, /, = 50 mm and
I;=50mm and Lz =1.0. The strain £, changes remarkably in the
vicinity of X =0 and 1.0, i.e. near both edges of adhesive layer, and
it varies parabolically in the range of X from zero to unity. The
strain &, becomes maximum near the center in the overlapped
length. The strain y,, increases in the vicinity of X =0 and X = 1.0.

Comparing the single lap joints with the tapered lap joints, the
strain distributions in the single lap joint vary uniformly in a wide
range of the overlap length, while the distributions in the tapered
lap joint change parabolically in the overlap region. The maxima of
the €,, €, and y,, in the tapered lap joint are reduced to about
one-half of the values for the lap joint without tapering. This
suggests that the tapering of the adherends improves the joint
strength.

Tensile shear loading tests were carried out by a method similar
to that in the previous section. The measured strain distributions for
the load f = 100 N/mm are shown in Figs. 7 to 9. The experimental
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FIGURE 9 Distributions of strain y,, in adherends of tapered lap joint.
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FIGURE 10 Variations of the strains ¢, and ¢, in the tapered lap joint.

results are in good agreement with the computed distributions.
The variations of &, and &, (the strain on the adherend surface in the
direction x) under the tensile load are illustrated in Fig. 10. The
measured points are shown in the inserted figure. The ordinate
indicates the average stress oga which is defined as the applied load
divided by the whole cross section of adhesive. The strain & at the
position 3 decreases abruptly in the vicinity of o a=10MPa, and
then it approaches nearly to zero due to cracking on the edge of the
adherend. With the increase of the applied stress, the strain g, at
the position 5 varies greatly according to the crack propagation.

3 STRENGTH EVALUATION BY USE OF AN ADHESIVE
STRENGTH LAW

To evaluate the strength of structures or machine elements, the
strength laws of their constituted materials are adopted to the stress
distributions and the critical loads are estimated. A similar method
may be applied to predict the strength of adhesive joints. The
strength of a joint can be obtained by using the strength laws of the
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adherend and adhesive resin. But the thus-obtained strength is
higher than the actual strength. This is due to the lack of
consideration of the strength of the adhering interface which is
generally weaker than the adherend and adhesive resin. To include
the strength of the interface in the estimation of joint strength, what
kind of strength law is used for the interface becomes a subject of
discussion. The authors proposed’ that the adhesive strength law
determined by subjecting a butt joint of two thin-walled tubes to
combined loads is useful as the reference value in the strength
design of the adhesive joints, as the strength is obtained under
combined uniform stress states. The adhesive strength law, as well
as the strength laws of the adherend and adhesive resin, are used to
evaluate the joint strength. Those three strength laws are adopted
to the adhering interface, adherends and adhesive layer. The critical
loads of each part of the joint are calculated. The joint strength is
decided by using the minimum value among the calculated critical
loads.*

4 STRENGTH OF LAP JOINTS

4.1 Strength laws

Von Mises criteria were applied to the adherends and adhesive
layer. They were represented as follows.
For the adherend,

F=(02-0,0,+ 0} +312,)"/0y =1 I
For the adhesive layer,
E=(0}-0.0,+0.+312,)"/0,=1 (2)

where oy, and oy, correspond to the yield stresses of adherend and
adhesive resin, respectively. For the material in this research,
0n = 343MPa and oy, =64 MPa. Figure 11 are adhesive strength
laws which were determined by using butt joints of thin-walled
tubes subjected to combined axial load and torsion. The adhesive
strength law is represented in the form of the expression,

F’3 = |oz/004|'" + |txz/t()llm = 1 (3)
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FIGURE 11 Adhesive strength law in o, — t,, stress state.

In Eq. (3), the stress component along the adhesive layer (o,) can
be neglected because of the small effect on the adhesive strength.?
From Figure 11 the constants oy, to; and m in Eq. (3) are obtained
as follows; for the adhesive thickness 0.05 mm, oy = 31.5MPa,
7o, = 30.8 MPa, m =8.66, and for adhesive thickness 0.01 mm,
Ogs = 37.2 MPa, 15, =42.4 MPa, m = 3.54.

4.2 Strength prediction and comparison with experimental results

The joint strength is calculated by applying strength laws of Egs.
(1), (2) and (3) to the stress distributions of corresponding parts in
the joint. Figure 12 shows the strength distributions in the joint for
which strain distributions are given in Figure 2 to 4. The notation f
indicates the force per unit width for the initial failure of the part.
The values f are small at both edges of adhesive layer and adhesive
interfaces. This suggests that the initial failure occurs at those points
in the joint.

The effect of the tapered length on the joint strength is shown in
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FIGURE 12 Strength distributions in the single lap joint.

Figure 13. The ordinate shows the average failure stress o, which is
given by the failure load divided by the whole adhesive area of the
joint. The abscissa shows the non-dimensional tapered length L,
which is given by the overlap length /, divided by the joint length L

In this figure, the average failure strength o, saturates above L.1.0.

The calculated results for the tapered lap joint (L, = 1.0) are about
twice as large as those for the single lap joint (L;=0). The
predicted results for the single lap joint are illustrated in Figure 14.
The strength of the tapered lap joint (L;1.0) coincides approxim-
ately with that of the single lap joint (Ly=0) below L, =0.2. But

20
T1=10mm
o I_z_=0.05 mm
Q | Lo=0562 N
= 0 8 8
o o
0 8
O (o}

0 05 LT 1.0

FIGURE 13 Effect of tapered length on the joint strength.
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FIGURE 14 Effect of adhesive length on the joint strength.

the strength with tapering is about twice as large as the strength
without tapering above L, =0.2. In the single lap joint, as shown
by the two broken lines in Fig. 14, the strength of the adhesive
interface-is approximately consistent with that of the adhesive layer
above L, =0.2. In the case of the tapered lap joint, the strength of
the adhesive interface is greater than that of the adhesive. There-
fore, the strength of the tapered lap joint above L,=0.2 is
dominated by the strength of the adhesive layer.

The effects of the band adhesive length on the joint strength are
shown in Figure 15. The overlap length and the tapered length of
the tapered lap joints are constant. The left and right ordinates
show the average failure stress o, and the load for unit width, f,
respectively. The abscissa shows the non-dimensional adhesive band
length Lg. The joint strength f saturates above Lg=0.5. This
means that the tapered lap joint, which is bonded for half of the
whole overlap length (Lg=0.5) from both adhesive edges, has the
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FIGURE 15 Effect of adhesive band length on the joint strength for tapered lap
joint.

same strength as the tapered lap joint bonded with the whole
overlap length Lp=1.0.

Figure 16 shows the effect of the band adhesive length on the
strength of the single lap joints. The joint strength f saturates above
Lg=0.25 with the adherend thickness ¢, = 10 mm. This shows that a
quarter of the bonding length of the whole overlap (Lg=0.25) is
enough to obtain the strength of the single lap joint.

The experimental results of the joint strength are indicated in
Figs. 13 to 16. The experimental values coincide approximately with
the analytical results for the small values of Ly, L, and Lg, but
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they are larger than the analytical results for the large values of Lo,
Lr and Lg. The experimental strength is obtained by the final
fracture load, while the analytical strength corresponds to the initial
fracture load. As shown in Figure 10, the joint does not fracture
after the initial failure and the joint can bear the increasing load.
This is one reason for the discrepancy between experimental
strength and predicted strength. The process to the final fracture
from the initial cracking should be investigated in future.

5 CONCLUSIONS

A method of estimating the strength of adhesive bonded joints was
proposed. The adhesive strength law which was determined under
combined stress states was used to decide the joint strength as well
as the strength law of adherends and of the adhesive resin. Those
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three strength laws were adopted to the stress distributions in the
adhering interface, adherends and adhesive layer, and the critical
loads in each part of the joint were calculated. The minimum load
among them was taken as the joint strength. The proposed method
was applied to predict the strength of lap joints.

The lap joints used in this research consisted of carbon-steel
adherends bonded with epoxy resin. The deformed states under
tensile shear loading were analysed by the elastic finite element
method. The calculated strain distributions were compared with the
experimental results. The joint geometry influenced the strain
distributions remarkably. The adhesive strength law was ex-
pcrimentally dctermined by subjecting a butt joint of carbon-steel
cylinders to combined axial load and torsion. The strength of lap
joints with various configurations was predicted by the proposed
method. The effects of overlap length, tapering length and adhering
length on the strength were obtained. The predicted strength was
compared with the experimental value. It was shown that the
method of using the adhesive strength law was useful for the
prediction of joint strength.
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Effect of a Side Chain Length
of Polymer on Both the Adhesion
and Dispersibility of y-Fe,O5
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Acrylic ester-acrylic acid copolymers were synthesized as model binder of magnetic
paints. The dispersibility of y-Fe,0; was investigated as a function of the content of
—COOH groups and the aliphatic side chain length. The following results were
obtained. The saturated absorbance of copolymers on y-Fe,O, increased with the
increase in content of —COOH groups, and then the dispersibility of y-Fe,O, was
improved. However, when the content of —COOH group was over the 2 mol%, the
saturated adsorbance of polymers was constant and the dispersibility of y-Fe,O,
decreased with increasing number of carbon atoms in the acrylic ester side groups.
However, the dispersibility of y-Fe, O, was explained by the difference in conforma-
tion of adsorbed polymers.

KEY WORDS Dispersibility; acrylic ester-acrylic acid copolymer: adsorption: inter-
facial tension; y-Fe,0,; magnetic paint.

1 INTRODUCTION

The interaction between a polymer and an inorganic powder is one
of the most important factors which controls the properties of
composite materials, e.g., magnetic recording tape. paints, inks.

t Presented at the Tenth Annual Meeting of The Adhesion Society. Inc..
Williamsburg, Virginia, U.S.A., February 22-27, 1987.
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etc. The need for high-density recording has grown along with the
development of recording methods. Knowledge of magnetic mate-
rials such as co-containing y-Fe,0,'? and alloy powder** for
high-density recording is far advanced. However, fundamental
studies on the binder polymers which give high performance have
clarified the interaction between y-Fe,O; particles and vinyl poly-
mers by measuring the adsorption, the phase separation ability for
particles in the concentrated solution, and the interfacial tension
(Ywo) Of polymer solution-water interface.>®

The surface of y-Fe,O, was covered with a number of water
molecules adsorbed both chemically and physically. Therefore, it
was proved that the interface of y-Fe,O, surface-polymer solution
can be substituted by the water-polymer solution interface.’’-®

From these results, it was clarified that the polymer giving a lower
interfacial tension of water-polymer solution interface (y,.,) has a
higher interaction with y-Fe,O; surface.

Interaction between poly(acrylic ester-acrylic acid) copolymer
and magnetic particles and the dispersibility of particles in magnetic
paints were investigated as a function of the number of carbon
atoms in the acrylic ester groups by using the adsorption, an
interfacial tension (ywp), and the magnetic properties measured by
a Vibrating Sample Magnetometer (VSM).

2 EXPERIMENTAL

2.1 Materials

The y-Fe,O; particles have an average length of 0.25um, an
average acicular ratio of 1/7, and a nitrogen surface area of
53.2m?/g.

Acrylic ester-acrylic acid copolymers were synthesized as model
binders. Samples were twice purified by the solution-precipitation
method. Acrylic acid content was measured by titration, and
molecular weight was measured by GPC. Table I shows charac-
terization of the polymers.

2.2 The Measurements of adsorption

The adsorption of polymers on the y-Fe,O; surface was obtained by
determining the change of concentration of the supernatant solu-
tions. Glass tubes (25cm’ capacity) containing 20 cm® polymer
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TABLE 1
Characterization of the polymers used

Carboxyl group

Polymers Molecular weight® mol%
Poly methyl acrylate (PMA) 33000 0
P(MA-AAP) 34000 5.30
Poly ethyl acrylate (PEA) 100000 0
P(EA-AA) 31000 5.26
Poly buthyl acrylate (PBA) 30000 0
P(BA-AA) 62000 5.18
Poly 2-ethyl-hexyl acrylate (PEHA) 42000 0
P(EHA-AA) 118000 5.41
Poly lauryl acrylate (PLA) 200000 0
P(LA-AA) 170000 5.36
Poly stearyl acrylate (PSA) 29000 0
T'(SA-AA) 98000 5.27

* Peak molecular weight obtained by GPC.
" AA: Acrylic acid.

solution and 2.0g y-Fe,O, were subjected to 29 KHz ultrasonic
waves for 30 min. After samples were shaken 24 hours and were
allowed to stand for anothcr 24 hours, the adsorbance were
determined by the measurement of the concentration difference of
the supernatant solutions.

2.3 The interfacial tension of the water-polymer solution interface

The interfacial tension y,, was measured by the du Nouy ring
method. The adsorption of polymers at an interface between water
and a polymer solution was achieved by placing 50 cm® of water into
each of several du Nouy dishes and cautiously adding a similar
volume of the polymer solution of the desired concentration. All
measurements were carried out at 25°C. Since the interfacial tension
of the water-polymer solution interface is slightly time dependent,
Ywio Was measured after 3 hours of standing.

2.4 Measurements of magnetic properties and dispersibility of
v-Fe,O; particles

The magnetic paint was prepared by a ball-milling process for

100 hours. The glass vessel (450cm® capacity) contained 21.4g

polymer, 107.1 g solvent and stainless-steel balis.
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The magnetic properties were measured by a Toei Kogyo
Vibrating Sample Magentometer (VSM) specially designed for this
study.

An attempt was made to evaluate the quality of dispersion of the
particles in the magnetic paint under a low magnetic field. The
rotation of particles in the paint can be traced by measuring the
initial magnetization (M,) to the saturated magnetization (M,) and
the holding time for the applied field of +50 Oe.” Figure 1 shows
that the M;/M, of paint A incrcased with time; however, that of
paint B remained constant and was equivalent to that of cobalt-
containing y-Fe,O, powder itself. This means that particles in paint
B were not well dispersed. In the case of paint A the M, is given by

M =M, +M,

where M,, is the magnetization associated with removing the
magnetic moment from the easy axis (=long axis of particles) and is

v T Easy axis

FIGURE 1 Reclation between M, /M, and time of applied field of S0 Oc.
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FIGURE 2 Vibration curve of M,;/M, with a field of +50 Oe at | minute intervals.

the quickly responding component. M,, is the magnetization as-
sociated with the orientation of particles and the slowly responding
component. The particles should orient in the viscous magnetic
paint.

Figure 2 shows the vibration curve of M;,/M, for A, B, and
powder over a 1 minute interval. The curve of B did not involve the
component M,, and coincide with that of the y-Fe,O; itself. The
curve of A shows the large M;, component and the slower decay
vibration (dotted line). The degre